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Abstract—Germanium hyperdoped with deep level donors, 
such as tellurium, would lead to dopant-mediated sub-band gap 
mid-infrared photoresponse at room temperature. We use a 
combination of non-equilibrium techniques to supersaturate Ge 
with Te via ion implantation followed by pulsed laser melting 
(PLM). Typically, liquid N2 (77K) temperatures are used to 
avoid implantation-induced Ge surface porosity. In this work, 
alternatively, we report on the use of slightly higher 
implantation temperatures (143 K) together with an amorphous 
Si (a-Si) capping layer. We demonstrate that the solid solubility 
limit of Te in Ge is overcome upon recovering the crystallinity 
of the material after laser processing. 
Keywords— ion implantation, PLM, germanium, tellurium, 
capping layer. 
I. INTRODUCTION 
Short and mid-infrared (SWIR and MWIR) sensing based 
on CMOS compatible semiconductors is a technological 
challenge, and it has many applications, such us surveillance, 
security and sensing [1]. Germanium hyperdoped with deep 
level donors, such as tellurium, would lead to extrinsic dopant-
mediated sub-bandgap absorption at room temperature [2, 3]. 
In this work, we report on the use of two non-equilibrium 
techniques to supersaturate germanium with tellurium: ion 
implantation followed by pulsed laser melting (PLM). 
Ion implantation in germanium with heavy ions, at high 
dose or at high energies produces porosity in the substrate 
surface which makes it impossible to recover the crystallinity 
of the material after any annealing process [4, 5]. To avoid this 
implantation-induced Ge surface damage, LN2 (77 K) 
temperatures are typically used [6]. In this work, we propose 
to use alternatively slightly higher implantation temperatures 
(143 K) together with an a-Si capping layer [7].  
We implanted with doses several orders of magnitude 
above the solid solubility limit of Te in Ge and analyse the 
structural properties of the implanted layers before and after 
laser processing by Raman, Time of Flight Secondary Ion 
Mass Spectroscopy (ToF-SIMS) and Transmission Electron 
Microscopy (TEM). 
II. EXPERIMENTAL 
DSP, 300 µm <100> p-Ge wafers (1 Ω·cm) provided by 
Umicore were implanted with 130Te+ at doses of 1014 cm-2 and 
1016   cm-2 with an energy of 120 keV. To mitigate the surface 
implantation-induced damage produced by heavy ions at high 
energy, a 50-nm-thick a-Si capping layer was sputtered on top 
of the wafers prior to the implantation. This protective layer is 
combined with ion implantation temperatures below 143 K 
during the whole process. 
After ion implantation, the wafers were cut in 5×5 mm2 
square samples. The a-Si capping layer was selectively 
removed without etching the Ge substrate by submerging the 
samples in a Tetramethylammonium hydroxide (TMAH) 
solution (25%) at 60 ºC during 5 min. After the etching 
process, the samples were pulsed-laser melted with a XeCl 
(308 nm) excimer laser (Coherent COMPexPRO201), with a 
pulse duration of 28 ns and an energy density of 0.5 J·cm-2. 
All the fabrication steps were performed at Helmholtz-
Zentrum Dresden-Rossendorf's facilities. 
The in-depth profiles of the Te implanted samples were 
obtained by ToF-SIMS at C.A.C.T.I. of University of Vigo 
with Bi3+ used as a primary ion at 25 kV. 
The phonon spectra were determined by µ-Raman 
spectroscopy in the wavenumber range of 100-550 cm-1 using 
the line 532 nm of a Nd:YaG laser as exciting source. This 
technique allows us to analyse the crystal quality of the 
implanted layers and to detect other elements incorporation in 
the Ge lattice, such as Si coming from the capping layer. 
TEM images were obtained with a JEOL JEM 2100 using 
an acceleration energy of 200 kV to analyze the crystal 
structure, whereas Energy Dispersive X-Rays Spectroscopy 
(EDS) was used to characterize the material composition. The 
lamellas for TEM were prepared by Focused Ion Beam (FIB) 
with a Helios Nanolab 650 system at University of Zaragoza 
and measured at CNME (UCM).  
 
III. RESULTS 
The tellurium concentrations in-depth profiles are shown in 
Fig. 1. In the Te as-implanted samples, the 72% of the 
implanted Te atoms were found to penetrate the Ge substrate, 
while a 28% of the implanted atoms remained in the capping 
layer. Those values are the same for both doses. After 
removing the a-Si layer and performing the PLM process, Te 
was found to be redistributed deeper into the substrate. 
Nevertheless, even for the lowest dose and after PLM, we 
observe that the Te solid solubility limit in Ge (2×1015 cm-3, 
Ref. [8]) is surpassed by three orders of magnitude in the first 
50 nm layer. 
Fig. 1. ToF-SIMS profiles of low- (1014 cm-2) and high-dose (1016 cm-2) 
implanted Ge:Te before (filled circles) and after PLM (open squares). The 
first 50 nm corresponds to the a-Si capping layer. 
Fig. 2 shows the Raman spectra of the implanted samples 
before PLM (after the a-Si capping layer etching), and after 
the PLM process. Even for the lowest implanted dose, the Ge 
substrate is amorphized due to the ion implantation. For the 
lowest dose we detect the crystalline peak of the Ge substrate 
because the penetration depth of the 532-nm laser excitation 
is greater than the thickness of the amorphous layer. After 
PLM, however, the samples of both doses show a great 
recovery of the crystallinity.  
For the highest dose, the c-Ge vibrational mode shows a 
low-frequency asymmetry, which is related to a partial lack of 
crystallinity. The down-shift of the Ge-Ge peak at 300 cm-1 
likely originates from strain, induced by the Te incorporation. 
Note that after the PLM process of the highest dose sample, a 
peak at 380 cm-1 appears in the Raman spectra, which 
corresponds to the Si-Ge bonding after PLM process. 
However, there is no sign of the amorphous Si band which 
would correspond to the a-Si capping layer before PLM for 
any of the samples, indicating that it has been successfully 
removed.  
 
Fig. 2. Raman spectra of Te-implanted Ge samples at different doses (1014 
cm-2 in red and 1016 cm-2 in blue). The dashed lines correspond to the samples 
before PLM and the filled lines to PLM processed samples with a fluence of 
0.5 J·cm-2. We indicate the peaks corresponding to Ge-Ge bonding (at 300 
cm-1) and to Ge-Si bonding (at 380 cm-1). 
 
Fig. 3. TEM image of a germanium substrate as implanted with Te+ at a 
dose of 1014 cm-2. From top-right to bottom-left we see the Pt from sample 
preparation, the a-Si capping layer, and the germanium substrate, 
amorphized in the first 40 nm. 
The Si-Si bands, which could appear around 150 cm-1 and 
470 cm-1 are not present in the spectra. We analysed them to 
optimize the a-Si etching. The Si-Ge peak indicates that there 
is Si bonding to Ge into the substrate introduced during ion 
implantation, as measured by ToF-SIMS (not shown). 
Fig. 3 and 4 show the TEM images from the two as-
implanted samples with the capping layer. On the one hand, 
for the lowest dose (Fig. 3), the interface between the a-Si 
capping layer and the amorphized Ge substrate is perfectly 
defined. The thickness of the a-Si capping layer is 50 nm and 
the thickness of the amorphized Ge is around 40 nm. Those 
values are in accordance with the simulated profiles by 
Stopping and Range of Ions in Matter (SRIM) software (not 
shown). On the other hand, for the highest dose (Fig. 4) the 
amorphous region is 150 nm thick. In this region the a-Si 
capping layer is intermixed with the Ge substrate amorphized 
by ion implantation. This layer intermixing has also been 
observed by EDS.  
After the a-Si capping layer etching and the PLM process, 
we observe in Fig. 5 and 6 that the crystallinity of the 
implanted layer is fully recovered, with no signs of extended 
defects or inhomogeneous distribution of Te. There is no sign 
of the a-Si capping layer and the selected-area electron 
diffraction (SAED) diagram (the inset in both figures) 
corroborates the good crystallinity.  
 
Fig. 4. TEM image of a germanium substrate as implanted with Te+ at a 
dose of 1016 cm-2. From top-right we see the Pt from sample preparation and 
then the a-Si capping layer mixed with the amorphized Ge substrate (150 nm 
in total).  
 
Fig. 5. TEM image of the recrystallized Ge:Te implanted at a dose of 1014 
cm-2. The a-Si was removed before PLM. In the inset we can see the SAED 
diagram to verify the crystallinity. 
Furthermore, EDS confirms Te incorporation above 5% 
into the Ge layer at the highest dose, before and after laser 
melting, which is in accordance with the ToF-SIMS results. 
The detection limit of this technique is around 1%, so it is not 
possible to compare for the lowest dose sample.  
IV. CONCLUSIONS 
In this work, we have demonstrated that Ge layers can be 
supersaturated with Te concentrations several orders of 
magnitude above its solid solubility limit with non-
equilibrium techniques, such as ion implantation and PLM. 
The resulting supersaturated Ge:Te layers are fully 
recrystallized without extended defects or Te inhomogeneity 
distribution after the PLM process. We also demonstrate that 
the use of an a-Si capping layer together ion implantation at 
143 K, which is several tens above the LN2 temperature, can 
be used to supress the Ge surface porosity during the ion 
implantation. 
These promising results would lead to the fabrication of 
optoelectronic devices for sensing in the SWIR and MWIR 
range. Future works with these samples will involve electrical 
and optoelectronic measurements to analyse the electrical 
activation and the sub-bandgap spectral photoresponse at 
room temperature. 
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Fig. 6. TEM image of the recrystallized Ge:Te implanted at a dose of 1016 
cm-2. The a-Si was removed before PLM.  In the inset we can see the SAED 
diagram to verify the crystallinity. 
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